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Abstract
© 2020 Elsevier B.V. Ti-6Al-4 V alloy is a well-acknowledged standard material for the application of
modern aerospace, surgical equipment, and prosthetic body parts owing to its stable thermo-physical
properties at elevated temperature. However, this structure stability imparts its low thermal conductivity
that leads to buildup of heat at tool-workpiece interface during machining which subsequently has a
damaging effect on the tool cutting edge. Several biodegradable cutting fluids have already been
attempted controlling the heat generation, environmental footprints to improve the overall machinability.
In this endeavor, the effectiveness of dry, liquid nitrogen (LN2) and hybrid cryogenic and minimum
quantity lubrication (LN2 + MQL) conditions was evaluated in terms of important machinability indicators
for instance surface roughness, cutting forces and temperature. The environmental parameters such as
total cycle time, productivity, economic analysis, energy consumption and carbon emissions were also
analyzed under these cooling conditions. Lastly, the sustainability assessment of process parameters
was calculated with the help of the Analytic Hierarchy Process (AHP) coupled with the Technique for
Order Preference Based on Similarity to Ideal Solution (TOPSIS) techniques. Findings have exhibited
superior cooling/lubrication effect under LN2 + MQL conditions lowering the machining as well as
environmental indices. The improvement in cycle time and productivity of LN2 and LN2 + MQL was
appeared to be 29.01% and 34.21% as compared with dry turning. The sustainability assessment results
also revealed that the lower cutting parameters under LN2 + MQL produced best results to achieve the
overall sustainability index.
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a b s t r a c t
Ti-6Al-4 V alloy is a well-acknowledged standard material for the application of modern aerospace, surgical
equipment, and prosthetic body parts owing to its stable thermo-physical properties at elevated temperature.
However, this structure stability imparts its low thermal conductivity that leads to buildup of heat at toolworkpiece interface during machining which subsequently has a damaging effect on the tool cutting edge.
Several biodegradable cutting ﬂuids have already been attempted controlling the heat generation, environmental
footprints to improve the overall machinability. In this endeavor, the effectiveness of dry, liquid nitrogen (LN2)
and hybrid cryogenic and minimum quantity lubrication (LN2 + MQL) conditions was evaluated in terms of important machinability indicators for instance surface roughness, cutting forces and temperature. The environmental parameters such as total cycle time, productivity, economic analysis, energy consumption and carbon
emissions were also analyzed under these cooling conditions. Lastly, the sustainability assessment of process parameters was calculated with the help of the Analytic Hierarchy Process (AHP) coupled with the Technique for
Order Preference Based on Similarity to Ideal Solution (TOPSIS) techniques. Findings have exhibited superior
cooling/lubrication effect under LN2 + MQL conditions lowering the machining as well as environmental indices.
The improvement in cycle time and productivity of LN2 and LN2 + MQL was appeared to be 29.01% and 34.21% as
compared with dry turning. The sustainability assessment results also revealed that the lower cutting parameters
under LN2 + MQL produced best results to achieve the overall sustainability index.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Sustainable manufacturing is the creation of components/products
through an energy-efﬁcient, cheaper, and non-polluting process in

order to ensure social well-being, safety, and health [1]. The sustainability of the machining process is highly dependent upon machining parameters, workpiece materials and cooling/lubrication systems [2].
Possession of many desirable characteristics for instances excellent

Abbreviations: AHP, Analytic Hierarchy Process; EPA, Environmental Protection Association; LN2, Liquid nitrogen; MQL, Minimum quantity lubrication; CO2, Carbon dioxide; LCA, Life
cycle assessment; Vc, Cutting speed; f, Feed rate; ap, Depth of cut; Ra, Arithmetic surface roughness; TTCT, Total cycle time; Tstdby, Standby time; Tct, Tool changing time; Tcut, Cutting time; Tair,
Air cutting time; CT, Total machining cost; Ce, Energy (electricity) consumption cost; Co, Overhead cos; Ct, Cutting insert cost; Cc, Coolant cost; Cd, Coolant disposal cost; Cop, Operator cost;
CL, Cost of lighting and HVAC; Cm, Machine depreciation cost; Ec, Energy consumption; Fc, Main cutting force; Cee, Carbon emissions; Fe, Carbon emission factor; T, Cutting temperature;
LN2 + MQL, Hybrid cryogenic and minimum quantity lubrication; TOPSIS, Technique for Order Preference Based on Similarity to Ideal Solution.
⁎ Corresponding author at: Key Laboratory of High Efﬁciency and Clean Mechanical Manufacture, Ministry of Education, School of Mechanical Engineering, Shandong University, PR
China.
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corrosion endurance, strength to weight ratio and elevated fatigue performance by titanium alloys has made it the best candidate for widespread use, especially as biomaterials and aerospace sector. Ti-6Al-4 V
being most important alloy of titanium industry has high thermal softening resistance, stable α + β structure and constitute 50% of the
usage of titanium and its alloys [3,4]. Although, Ti-6Al-4 V has superior
thermo-physical characteristics, however, poor thermal conductivity,
chip-contact angle, and high chemical reactivity towards tool materials,
damage the tool material and cause large edge wear [5].
Conventional emulsions, having cooling/lubrication characteristics,
play an essential role in limiting the tool wear, improving product quality, and overall machinability. However, the massive use of emulsions is
dangerous for ecology, air, soil and water resources. The global consumption of conventional emulsions in 2016 was about 13,726 million
Tons with a 1% annual increment. The reduction of natural energy resources and 13–50% loss of natural lubricants is an alarming situation
for ecological complexities. Therefore, the exploration of green cutting
is inevitable to open new avenues for the adoption of biodegradable
oil as an alternative to mineral-based emulsions [6,7]. Recently, new
cooling/lubrication techniques have been coined with the emerging
trends of sustainable manufacturing and strict regulations by EPA (Environmental Protection Association). Considering the sustainability and
cleaner production, dry-cutting, MQL, cryogenic cooling and hybrid
cooling techniques are applied with advantages of near dry surface,
zero post-operation cleaning (refer Fig. 1) [8].
Lei and Liu (2002) performed machining tests on titanium alloy
under dry conditions and observed the behavior of the material [9].
The author's ﬁndings have depicted smearing, chip welding on tool
rake face, and newly generated surface. At raised temperature resulting
from high cutting speed, Ti-6Al-4 V showed chemical afﬁnity, and the
alloying tendency towards tool-material leading to high tool wear. On
the contrary, MQL improved the machined surface quality, dissipated
heat through convection and evaporation [10,11]. The fact that MQL reduces the Tons of cutting ﬂuids to milliliters (10-100 ml/h) by providing
ﬁne mist of air-oil sprinkled on the workpiece surface is noteworthy.
The lower temperature during cutting is also critical to arrest the tendency of chemical afﬁnity of Ti-6Al-4 V towards tool material. Therefore,
it has been claimed that the application of cryogenic cooling is popular
during machining difﬁcult to cut materials. The cryogenic-LN2 absorbs
heat, evaporates quickly (lighter than air), forming a protection layer

Fig. 1. Ring of sustainable machining [8].

on the workpiece surface and limiting the cutting temperature.
The chip remains dry, reduces chip adhesion and diffusion, results
in minor damage of tool and causes lesser edge wear. Although biodegradable oil-based MQL diminishes the Tons of cutting ﬂuids and
cooling cost; however, it's not enough to provide superior thermal conductivity, dissipating heat efﬁciently, and adequate lubrication [12].
Therefore, the hybridization of cryogenic cooling with MQL is effective
and clean option to achieve high efﬁcient heat dissipation capability of
MQL mist [13].
1.1. Eco-benign cooling strategies
Environmental innocuous cooling is already under research with the
self-pressured LN2 cooling and MQL [14]. In both systems, the pressured
coolant along with the supply of air is applied through the nozzle on the
tool rake/ﬂank face. Reduction in temperature under cryogenic and
MQL is essential in both rough and ﬁnish turning of difﬁcult-to-cut materials. Efﬁcient cooling is highly associated with heat removal from the
contact interface and they got the full attention of researchers owing to
the provision of sustainable and efﬁcient titanium machining characteristics. In turning of titanium and its alloys, the performance of six
cooling conditions i.e., dry, LN2, carbon dioxide (CO2), MQL, CO2 + MQL
and LN2 + MQL was compared by Iqbal et al., (2019) [15]. The key factors investigated in this study were cutting forces, tool wear, surface
roughness and total energy consumption. The outcomes divulged that
the hybrid cooling conditions along with the MQL conditions provided
the lower results of responses. M. et al., (2020) have compared the performance of LN2 and CO2-snow with conventional emulsion in milling
of 55NiCrMoV7 steel [16]. The performance of these coolants was compared with regard to temperature, feed, thrust force, surface roughness,
and tool wear. Outcomes have depicted that CO2-snow and LN2 reduced
50.49% and 53.97% temperature contrasted to emulsion cooling. It is
pertinent to state that lower surface roughness of 0.17–0.22 μm has
been detected under CO2-snow and 0.22–0.39 μm under LN2 cooling.
In addition, surface topography and chip morphology were improved
under the CO2-snow environment. Also, the application of LN2 at high
temperatures reduced the cooling efﬁciency due to the insulating
layer that reduces the cooling efﬁciency and dimensional inaccuracies.
However, LN2 is also non-toxic, benign, and ensure the feasibility of
attaining high MRR. Shokrani et al., (2019) compared the results of
wet, MQL, LN2 and hybrid LN2 + MQL conditions during end milling
of titanium alloys [17]. The tool life, surface roughness and tool wear
has been considered as key machining evaluators during machining
under different cooling conditions. The hybrid cooling technique proposed that the tool life has been improved by 30 times and surface
roughness is reduced by 50% with the hybrid cooling conditions. Sartori
et al., (2017) explored the effect of different cooling conditions i.e., dry,
wet, MQL, LN2, CO2, CO2 + MQL and LN2 + MQL on the wear behavior of
WC inserts and surface integrity aspects during machining Ti-6Al-4 V
alloy [18]. Findings have depicted extended tool life and surface
ﬁnishing under hybrid cooling conditions under high ﬂow rates. Schoop
et al., (2017) applied LN2, LN2 + MQL and wet cooling in metal cutting
of Ti-6Al-4 V [19]. Outcomes have depicted extended tool life of the cutting tool by about 30% and 60% during turning of Inconel-718 and Ti6Al-4 V respectively. Dilip Jerold and Pradeep Kumar (2012) performed
turning of AISI-1045 steel compared wet cooling, LN2, and CO2-snow
cooling in connection with temperature, cutting forces, surface roughness, and chip morphology [20]. The authors have observed that LN2
has 9–34% and 3–17% less temperature than emulsion and CO2-snow
cooling. CO2-snow lowered the cutting forces about 17–38% and
2–12% compared to the emulsion and LN2 cooling.
From the open literature, it is interesting to claim that the dry machining, cryogenic machining and hybrid cryogenic and MQL machining
conditions are considered in the category of eco-benign cooling conditions. These cooling conditions boost the productivity, product quality,
superior surface ﬁnish, and heat dissipation capacity under the metal
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cutting of hard-to-cut materials. However, the environmental impacts
of these cooling conditions are still missing in the literature. Some former researchers have implemented the various sustainability assessment methods like life cycle assessment (LCA) and other empirical
methods in literature. For instance, Gupta et al., (2020) implemented
the LCA method in machining of difﬁcult to machine material [21].
The environmental impacts between two cooling conditions were calculated with the help of Simapro software. In another work, Hegab
et al., (2018) used the empirical sustainability assessment model to
evaluate the effect of metal cutting conditions on environmental aspects
[22]. The same model was also implemented in the work of Khan et al.,
(2020) and the environmental assessment was done on selected cooling
conditions [23]. In literate, some artiﬁcial intelligence methods were
also implemented to improve the process performance [24–26]. Therefore, this paper follows the same trend and the machining investigations
along with the sustainability assessment have been performed under
dry, LN2 cooling and hybrid LN2 + MQL cooling conditions. The AHP
method coupled with TOPSIS techniques has been adopted to calculate
the overall sustainability index under speciﬁed cooling conditions. Initially, the productivity, cycle time, machining cost, energy consumption,
carbon emissions, surface roughness, cutting temperature and cutting
forces were measured and calculated. Then, the parametric impact has
been analyzed and the results were compared with each other. The
complete details are presented in the following subsections.
2. Experimental setup
This section provides the details about the selection of machining
parameters, experimental setup, cooling modes, tool geometry parameters and response measurements.
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Table 2
Chemical composition of Ti-6Al-4 V alloy used in this work.
Titanium

Aluminum

Vanadium

Iron

Oxygen

Carbon

89.9%

5.8%

4%

0.25% max

0.2% max

0.3% max

available carrier gas with 999% purity was delivered with the help of
self –pressurized Dewar cylinder (Capacity of 50 L). In hybrid LN2 + MQL
cooling condition, the liquid nitrogen gas was combined with the vegetable oil assisted MQL spray. The ﬂow rate was ﬁxed at 200 ml/h
whereas, the liquid nitrogen ﬂow rate used was 0.5 L/min. The nozzle
of the MQL system was kept 25 mm away from the tool cutting edge.
2.3. Experimental setup and response measurement
A complete experimental setup contains a CNC turning center having a 7.5 kW of motor power. The cutting tools were tungsten carbide
coated tools (CNGA 120408). The arithmetic surface roughness i.e., Ra
was measured using Mitutoyo SJ-301 roughness tester by following
ISO 4287 standards. The readings were recorded on three different locations of workpiece and the average reading has been selected for analysis. The cutting temperature was determined using an infrared camera
FLUKE make. The thermal images were analyzed using the ‘SmartView
4.0’ software. The main cutting forces were recorded using three dimensional Kistler dynamometer. Dynoware software was used to collect
forces data to get mean and force components. Moreover, the energy
consumption was recorded with the online monitoring power measurement device i.e., Fluke make, energy analyzer during the cutting operation. The ﬂow diagram of current work is shown in Fig. 2 and complete
methodology adopted in the present work is portrayed in Fig. 3.

2.1. Workpiece material, process parameters and experimental design
3. Results and discussion
In present work, the turning experiments were performed on commercially available titanium alloy Ti-6Al-4 V. The subjected alloy was
heat treated (Hardness 35 HRC) and machined under three different
sustainable/green cooling conditions i.e., dry, LN2 and hybrid LN2 + MQL
conditions, respectively. Cutting speed (Vc) of 100, 125, 150 m/min and
feed rate (f) of 0.10, 0.125 and 0.15 mm/rev were used to machine the
samples (Table 1). The impact of depth of cut (ap) was kept ﬁxed to
0.75 mm. The cutting length of the Ti-6Al-4 V bar was 60 mm per experiment. For each experiment, a new cylindrical bar of Ti-6Al-4 V having a
100 mm length and 60 mm diameter was used. Chemical composition
of the speciﬁed alloy is present in Table 2.

The performance measures under dry, LN2 and LN2 plus MQL
assisted machining at varying cutting parameters have been reported
in this section Table 3 underscores the experimental design used in
the current work for all cooling conditions. Each cooling condition,

2.2. Cooling modes
In order to evaluate the cooling/lubrication effects, dry, LN2 and hybrid LN2 + MQL conditions were applied at the cutting zone. The dry
machining experiments were performed without using any type of cutting ﬂuid and cooling conditions. In LN2 cooling, the commercially

Table 1
Process parameters and other details.
Machining
conditions

Levels

Cutting
speed
Feed rate
Depth of
cut
Cutting
tool
Cooling
mode

100, 125, 150 m/min
0.10, 0.125, 0.150 mm/rev
0.75 mm
CNGA 120408 rhombic shape having Nose radius 0.8 mm, approach
angle of 90 degree
dry, LN2 and hybrid LN2 + MQL conditions
Fig. 2. Flow diagram of the current research work.
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Fig. 3. Complete methodology adopted in the current work.

total no. of 9 experiments were performed by following the experimental design of Table 3.
3.1. Total cycle time and productivity
The total cycle time (TTCT ) is used to compute the productivity
and machining efﬁciency of the process. Total cycle time comprises
of time at various stages of machining operation and is evaluated
using Eq. (1):
T TCT ¼ T stdby þ T ct þ T cut þ T air

ð1Þ

where, Tstdby is standby time in seconds, Tct is tool changing time which
depends upon tool life and time required to change the tool, Tcut is the
cutting time in seconds and Tair is the air cutting time in seconds. In
the part production by machining operations, total machining time is
the critical factor that directly affects productivity. From Fig. 4 it is indicated that increased machining time has led to reduction in number of
parts produced within 8 h of operation and hence process productivity.
Machining operators commonly use the way to change cutting parameters as the simplest way to set total machining times. For this reason,
looking at the impact of cutting speed on the total cyclic time, it decreased by 22.98%, 30.71% and 21.07% under dry, LN2 and LN2 + MQL,
respectively. Likewise, total cyclic time reduced by 13.46%, 18.43% and
14.03 respectively with rising feed rate. On the other hand, although
the same cutting parameters are used in each sustainable cooling/lubrication environments, a noticeable difference in total machining times
(hence productivity) has been observed. Here, the progress in total cycle
time provided by LN2 and LN2 + MQL was noted to be 29.01% and
34.21% respectively in comparison with dry turning. This is due to the
shorter handling/replacement time of the cutting tool (tool change
per cut) in LN2 + MQL in comparison with LN2, and especially dry

Table 3
Experimental design used in the current work.
Experimental
No.

Cutting speed
(m/min)

Feed rate
(mm/rev)

Depth of cut (mm)

1
2
3
4
5
6
7
8
9

100
100
100
125
125
125
150
150
150

0.1
0.125
0.15
0.1
0.125
0.15
0.1
0.125
0.15

0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75

Fig. 4. (a) Total cycle time and (b) Productivity with respect to each experimental run

machining. In machining under LN2 plus MQL, the delay of tool wear,
even a little, has signiﬁcantly extended tool life. This has reduced the
time required to replace the tool with a new one, resulting in less overall
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Fig. 5. Total machining cost values under dry, LN2 and LN2 + MQL environments for different experimental runs

machining time. The effectiveness of LN2 plus MQL machining support
in extending tool life and thermo-mechanical and physical mechanisms
that assist this during cutting have been deliberated comprehensively in
work by [17,27].

machining time for which machine tool is used, spindle motor power
and unit energy cost. Ce can be described by the following relation:

3.2. Total machining cost

Ce ¼

Achieving economic machining process is certainly one of the principle strategy to promote sustainable production. To ensure this, an indepth analysis of the total cost from the beginning to the end of the
machining process is essential. The total machining cost (CT) comprises
of energy (electricity) consumption cost (Ce), overhead cost (Co), cutting insert cost (Ct), coolant cost (Cc) and coolant disposal cost (Cd)
which is described by Eq. (2).
CT ¼ Ce þ Co þ Ct þ Cc þ Cd

ð2Þ

Fig. 5 demonstrates the total machining cost for various experimental runs against different machining environments viz., dry, LN2 and
LN2 + MQL. The least total machining cost has been observed in the
ninth experimental run viz., cutting speed of 150 m/min and feed rate
of 0.15 mm/rev under all machining environments. With regard to machining environments, LN2 plus MQL is superior to LN2 and dry turning.
When the effective cooling medium is combined with the most appropriate selection of cutting parameters during the cutting process, it
can be concluded that the total processing cost can be reduced by up
to 65.84% as compared with dry machining in this experimental design.
The details for the cost components leading to this situation are examined in the following sub-sections.
3.2.1. Energy consumption cost, Ce (¥)
Machine tools employed in the manufacturing industry are responsible for consuming a signiﬁcant portion of the total energy supplied
worldwide. Due to the high unit energy price, energy consumption
throughout production is a vital index that determines the total cost
of the product. The lowering in energy consumption not only reduces
carbon footprints, but also enables companies to meet their environmental obligations, as well as to reduce machining costs. Therefore,
analysis of the energy demands of the machine tools in different machining parameters and environments is a must to ensure sustainability.
The electricity consumption cost by the machine tool is dependent upon

C e ¼ C cut þ C ncut
Unit Energy Cost
 t m  ðcutting power þ standby powerÞ
η  60  1000

ð3Þ

where Ccut = cutting energy cost, Cncut = machine standby cost.
where unit energy cost is 0.33 ¥/kWhr for an industrial site, η is the
machine efﬁciency (generally 85%), cutting power of the machine tool is
3324 W (150 m/min) while machine standby power is about 1987 W
(constant). While the machining time t m ¼ Length of

cutþmachining allowance
feed raterpm

is

determined for each experiment. According to Fig. 6, energy consumption cost account for 49.09%, 43.03% and 43.41% of the total cost under
dry, LN2 and LN2 + MQL, respectively. As it is noticed, energy consumption cost has the largest share in total cost. Since the energy consumption of machine tools is directly related to the machine's working
time, the increased level of operation parameters can reduce the actual
machining time and thus the energy consumption and its cost.
3.2.2. Overhead cost, Co (¥):
The machining overhead cost consisted of operator cost (Cop), cost of
lighting and HVAC (CL), and machine depreciation cost (Cm) as given the
following relation:
Overhead cost C o ¼ C op þ C L þ C m

ð4Þ

where operator cost ‘Cop = operator labor cost rate (42¥/hr) × machine
time (tm) × number of workers’ is the operating cost during the machining. Similarly, the cost of lighting CL = (cost of lighting 0.3 kW and HVAC
of 8 kW) × unit energy cost (0.33¥/kWhr) × machining time(tm)/60.
The machine depreciation cost is determined as:
Cm ¼
¼

ðInitial cost−Salvage valueÞ  machining time
Useful life
ð7, 50, 000−50, 000Þ  t m
10yrs  250days=yr  8hr=day

Accordingly, it can be deduced from Fig. 6 the share of the overhead
cost, with a sum of above mentioned components such as operator cost,
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Fig. 6. Total cost sharing under different cooling conditions (a) Dry (b) LN2 (c) LN2 + MQL

cost of lighting and HVAC and machine depreciation cost, in the total
cost per unit part is 9.11%, 3.02% and 2.88% for dry, LN2 and LN2 + MQL
respectively.
3.2.3. Tool cost, Ct (¥)
The desire to machine the materials having superior features at
higher speeds and in less time encourages the advancement of cutting
tool technology day by day. However, this situation also reﬂects the cutting insert production costs of manufacturers, and consequently to the
cutting insert sales price. During the mass production of parts in machine tools, a substantial part of the total cost is the insert cost. Therefore, in order to reduce this to reasonable levels, a number of
measures such as reducing cutting parameters and using coolant are
taken by operators. In addition, when the cutting insert attaining
0.3 mm wear value (VBmax = 0.3 mm), it can be reground and can be
sold at lower price. The insert original price was 85¥ and resale value
after ground was 25¥. Therefore, the net cutting insert cost can be
found as follows:
Ct ¼

insert price−resale price
 machining time
tool life

ð5Þ

Fig. 6 illustrates the proportion of tool cost to total cost. According to
this, cutting tool costs account for 41.81%, 32.86% and 32.55% of total
cost in machining under dry, LN2 and LN2 + MQL, respectively. As can
be seen, tool cost has the second largest share after energy consumption
cost.
3.2.4. Coolant cost, Cc (¥)
In machining operations conducted under petroleum-based conventional ﬂuid, coolant cost is responsible for 15–17% of ﬁnal part cost [28].
It has been noted that costs associated with cutting ﬂuids in such operations can be higher than the costs of cutting tools [29]. It is therefore
paramount to eliminate or minimize cutting ﬂuids in order to ensure

sustainability of machining process. The cooling/lubrication techniques
used in this study, being harmless, economic and environmental
friendly, provide advantages over traditional methods. The cost of
MQL lubricant is dependent upon the cost per liter (67¥/liter), ﬂow
rate (0.0033 l/min) and machining time. Similarly, the cost of the liquid
nitrogen can be determined by cost per liter (50¥/kg), ﬂow rate (0.2 kg/
min) and machining time.
Coolant cost C c ¼ coolant=lubricant cost  flow rate
 machining time

ð6Þ

Fig. 6 exhibits that the cooling cost has a share of 21.09% and 21.15%
within the total cost for LN2 and LN2 + MQL, respectively. In an operation using liquid nitrogen, the reason for the higher share of coolant
costs in the total cost is undoubtedly due to its higher consumption
per unit time and elevated unit ‘s cost. The comparative cost under
LN2 and LN2 + MQL is provided in Table 4.
3.2.5. Disposal cost
Continuous use of water-based metalworking ﬂuids (conventional
cooling) is impossible, due to problems such as degradation, contamination, bacterial growth, ﬁlter failure and increased pump power arising
from its excessive use. Therefore, these liquids have a limited lifetime
and must be disposed of in an environmentally friendly manner when
they reach the end of their lifetime. On the other hand, chips resulting
from cutting under MQL are almost dry and can be recycled to provide
additional income without the need for any cleaning procedures. Since
the lubricant is completely consumed, no disposal is required and no
extra equipment is required for ﬂuid recovery. The same thing can be
said about using LN2 as in MQL. Since the cryogenic liquid completely
evaporates at ambient temperature, the chips and workpiece are
completely dry. Therefore, the LN2 and LN2 + MQL as well as dry cutting
have no disposal cost.

M.K. Gupta et al. / Sustainable Materials and Technologies 26 (2020) e00218
Table 4
Cost description and breakdown of costs under LN2 and LN2 + MQL conditions.
Cost type
description

Breakdown of cost

Cost of energy
consumption, Ce

Dry machining,
Ce = 49.08%
LN2 machining,
Ce = 43.03%
LN2 + MQL
machining,
Ce = 43.41%
Dry machining,
Cop is the operator cost, 42 ¥/hr.
Co = 9.11%
CL is the cost of lighting (0.3 kW)
and HVAC (8 kW)
LN2 machining,
Cm is the depreciation cost,
Co = 3.02%
Machine purchase cost = 7,50,000¥, LN2 + MQL
salvage value = 50,000 ¥,
machining,
Life = 10 years,
Co= 2.88%
Annual working days = 250 days
New insert cost, Resale value
Dry machining,
Ct = 41.81%
LN2 machining,
Ct = 32.86%
LN2 + MQL
machining,
Ct = 32.55%
MQL lubricant cost/l = 67¥/liter
Dry machining,
MQL ﬂow rate = 0.0033 l/min
Cc = No coolant
LN2 coolant cost/kg = 50¥/kg
LN2 machining,
LN2 ﬂow rate = 0.2 kg/min
Cc = 21.09%
LN2 + MQL
machining,
Cc= 21.15%

Overhead cost,
Co = Cop + CL + Cm
Cop = Operator cost
CL = Lighting and
HVAC cost
Cm = Machine
depreciation cost
Cost of tool/cutting
insert, Ct

Cost of coolant, Cc
Cc = MQL,
Cc = LN2 coolant cost

Cost sharing
values

Energy consumed by machine tool
for cutting material
Energy consumed by the machine
standby

3.3. Energy consumption analysis
An analysis of the energy consumption of a machine tool provides
more information to the organization than the amount of electrical energy consumed. Some of the factors that necessitates the analysis of energy consumption are as follows:
i) Almost half of the production costs are due to energy costs
ii) The world is always in search for new energy sources and
iii) Carbon emissions due to energy consumption damages natural
environment (refer Fig. 7).

7

The energy consumption (Ec) analysis as per the Eq. (7) was carried
out to investigate an additional energy proﬁcient cutting environment.
Ec ¼

F c ðN Þ  V c ðm=min Þ  Machining time ðmin Þ
1000

ð7Þ

where Fc is main cutting force (N), Vc is cutting speed in m/min and Ec is
in kJ.
According to one estimate, industry shares around 31% of all energy consumption and manufacturing sector is accountable for approximately 60% of the energy consumed by industry [30]. The share
and importance of chip removal operations in manufacturing is significant. Zhao et al. [30] reported that energy efﬁciency is not at the desired level, since the energy used in real machining corresponds to
only 15% of the total energy. Hence, reducing energy consumption
on machine tools is vital to ensure sustainable production in machining operations. Fig. 8 demonstrates energy consumption in turning of
Ti-6al-4v alloy under dry, LN2 and LN2 plus MQL at different operation
parameters viz., cutting speed: 100, 125 and 150 m/min and feed rate:
0.1, 0.125 and 0.15 mm/rev. With decreasing cutting parameters (for
both feed and cutting speed) it is possible to realize the net reduction
in energy consumption. The average reduction in energy consumption
was found to be 25.05%, 23.55% and 23.01% at lowest cutting speed in
turning under dry, LN2 and LN2 + MQL, respectively. For decreased
feed rate from 0.15 to 0.1 mm/rev, the percentage of decrease in energy consumption was calculated as 4.33, 9.44 and 7.95 in dry machining, LN2 and LN2 plus MQL, respectively. The decline in energy
consumed by machine tool after each cut is attributed to the decrease
in operating speeds, reducing the chip removal per unit time. It was
noticed that impact of lower cutting speed on energy consumption
was more in comparison with inﬂuence of lower feed rate. The justiﬁcation for this situation is the rise in the spindle speed with growing
cutting speed, and it triggers the current absorbed by the motor to rotate faster. When a comparison is made between the cooling environments used, the LN2 plus MQL consumed around 15.89% and 3.07%
less energy than dry and LN2 machining, respectively. It is stated
that LN2 has a kind of favorable boundary lubricating features [31].
Due to the high temperature under dry cutting, there is a strong adhesion/bonding desire on the tool and chip interface, and thanks to the
LN2, lower temperature reduces the adhesion between the interacting
surfaces. This makes the material harder and less sticky, resulting in

Fig. 7. Factors affecting the energy consumption.
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Fig. 8. Energy consumption values under dry, LN2 and LN2 + MQL environments at different experimental run

low friction [32]. In addition, the beneﬁt of MQL is that oil droplets
penetrate between the tool-workpiece-chip, thereby also reduce friction. The combination of MQL with the cryogenic liquid had a hybrid
effect, thus providing a favorable result [27]. Reduced friction force
with the employment of LN2 and LN2 plus MQL helped to reduce the
power required during cutting. This was taken into account as the
main reason for the further reduction of energy consumption with
LN2 plus MQL machining.
3.4. Carbon emissions analysis
Environmental deterioration has started to be felt more prominently
after the industrial revolution as a consequence of the brisk growth in
production and the high rate of fossil fuels being preferred as the energy
input. The prevalent use of fossil fuels raised the density of greenhouse
gases. This also posed a serious obstacle to the concept of low carbon
economy because CO2 is the key factor causing the climate change
amongst greenhouse gas emissions [33]. To reduce this, either the ratio
of renewable energy sources in energy production should be increased
or industrial activities that consume energy intensely should be analyzed
in depth. In general, carbon emission is calculated with the help of Eq. (8):
C ee ¼ Ec ∗F e

ð8Þ

where, Cee is carbon emissions produced in kg-CO2, Ec is electrical energy consumption and Fe is the carbon emission factor (0.4228) used
in case of electric consumption. In the current investigation, the CO2
emissions released from the machine tools during the machining operations were investigated and the results are presented in Fig. 9. Since
carbon emissions are directly related to energy use, a trend similar to
the results obtained from the energy consumption section has also been
observed in this section. Actually, the maximum reduction in carbon
emissions can be achieved by choosing cutting parameters in harmony
under the most suitable cooling medium. That is, 10.71 kg-CO2 emissions derived from machine tool at 150 m/min cutting speed and
0.15 mm/rev feed rate under dry machining can be reduced to
6.58 kg-CO2 emissions with 100 m/min cutting speed and 0.1 mm/rev
feed under LN2 + MQL assisted machining. This means a 38.56% reduction in CO2 emissions with optimum processing conditions can
be achieved.

3.5. Machinability investigations
The machinability of engineering materials can be determined by
wide variety machining characteristics such as chip formation, tool
wear, surface quality of the machined work-material, cutting temperature and cutting forces. In this study, machining behaviors viz., surface
roughness, cutting temperature and main cutting force were investigated and deliberated in sub-sections as follows:
3.5.1. Surface roughness
Surface roughness under dry, LN2 and LN2 plus MQL assisted machining at different conditions have been portrayed in Fig. 10. On comparing the right, middle and left panes (i.e., dry, LN2 and LN2 plus MQL)
in the graph, it was depicted that the surface roughness produced under
LN2 + MQL is lesser than dry and LN2 turning. Considering the average
of all roughness results measured under three different environments,
the surface roughness achieved with LN2 + MQL based machinability
is 32.84% and 20.34% lower than dry and LN2 machining, respectively.
In the previous study by [34], the role of cryogenic cooling on surface
roughness was explained by three basic phenomena as follows:
(i) LN2 assisted cutting diminishes tool wear compared to dry machining of hard-to-machine materials such as titanium alloys. (ii) Cryogenic
assisted machining helps to preserve the ideal tool geometry for a long
time by reducing or eliminating possible Built-up-edge (BUE) formation. (iii) LN2 machining prevents possible distortion of the workpiece
due to the high temperature effect. Moreover, it was stated by Gupta
et al. [35] that due to the elevated temperature effect in dry cutting,
the chips attached loosely to the surface were eliminated with LN2
and this contributed towards improvement of the surface roughness.
With LN2, although the roughness has improved to a certain level, its alliance with MQL has created a double effect, providing a better quality
surface. Base ﬂuid MQL's performance on surface roughness has been
presented in many previously published studies [36,37]. The basic
mechanism here is that the deep penetration of oil droplets with the
compressed air into the cutting zone not only reduces friction between
the contacting elements but also lowers the temperature. Researchers
[38,39] who obtained similar results stated that, on the one hand, the
need to cool the cutting zone with cryogenic was met, on the other
hand, MQL contributed in reducing friction by lubricating the contacting
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Fig. 9. Carbon emission values under dry, LN2 and LN2 + MQL environments at different experimental run

Fig. 10. Surface roughness values under dry, LN2 and LN2 + MQL environments at different experimental run.

surfaces. It is divulged from Fig. 10 that the surface quality is enriched
with increasing cutting speed while opposite effect has occurred with
increasing feed rate, and the surface quality has deteriorated. The results
are in line with the knowledge of the literature, and the details of this
outcome have been discussed in previous studies [38,40].
3.5.2. Cutting temperature
The results of cutting temperature under dry, LN2 and LN2 + MQL
environments at diverged cutting speed and feed rate are contrasted together in Fig. 11. It is obvious from the bar charts that the cutting temperature via LN2 + MQL is reduced more as compare to LN2 and dry
turning. When the average of all temperature results saved under
three environments is computed, the cutting temperature of LN2 + MQL
and LN2 machining is lower by 43.77% and 40.16% than dry machining,

respectively. In fact, it has been previously reported that pure-MQL was
insufﬁcient to lower the temperature in the cutting zone. But, as in this
study, MQL's collaboration with a strong coolant like LN2 allowed it to
penetrate the cutting zone temperature more effectively. There are
few reasons behind effectiveness of this combination in lowering the
temperature further. One of the reasons may be the additional heat absorption of LN2 + MQL during the phase transition of the oil from solid
to liquid and then perhaps to the gas [39]. Another reason could be that
the cryogenic liquid cools the workpiece and tool surface, which prevents MQL oil drops from burning or evaporating away from the environment [35]. Lastly, while the need to cool the cutting zone with
cryogenic was supplied, the MQL contributed in reducing friction by lubricating the contacting surfaces [38]. It is obvious from Fig. 11 that
while the temperature rise accelerated with increasing cutting speed,
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Fig. 11. Cutting temperature values under dry, LN2 and LN2 + MQL environments at different experimental run.

the opposite situation has occurred with increasing feed rate, and the
temperature has reduced. This result is in line with that reported in literature, and the details of the grounds have been discussed in previous
studies [41,42].

parameters viz., cutting speed and feed rate, it can be said that the result
drawn here is not a surprise and is in harmony with the literature
knowledge [43].

3.5.3. Main cutting force
The alteration in the main cutting force against different machining
parameters under dry, LN2 and LN2 + MQL assisted turning environments have been presented in Fig. 12. It is determined that the cutting
force at dry turning is 27.97% and 36.67% higher than LN2 and LN2 + MQL
turning of Ti-6Al-4v alloy respectively. As the main reasons behind measuring less cutting force, thanks to cryogenic cooling with LN2 and LN2
plus MQL, the following justiﬁcations can be presented: (1) Deceleration
of cutting tool wear due to reduced temperature; (2) Inhibition of BUE
formation; (3) Oil droplets that penetrate between the tool and chip, reduce friction and therefore friction force. As for the inﬂuence of cutting

4. Sustainability assessment of process parameters
The development of the relationship between environment and
manufacturing processes is very important to address the sustainability aspects in terms of social, economic and environment. That's why
the sustainability assessment of manufacturing processes is a very
crucial topic and very useful to bridge the gap between a speciﬁc process and environment. In this work, ﬁve indicators i.e., energy consumption, carbon emissions, cutting forces, cutting temperature and
surface roughness were considered to address the environmental
nexus, as depicted in Fig. 13.

Fig. 12. Main cutting forces values under dry, LN2 and LN2 + MQL environments at different experimental run
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Fig. 13. Factors contributing in sustainable manufacturing.

The sustainability assessment process is often based on the comparisons of various conﬂicting criteria to consider the best available option
from the given ﬁnite set. AHP-TOPSIS techniques were implemented for
the sustainability assessment due to their widely used applications in
complex decision-making. In this study, a total of 27 experiments
under dry, LN2 and LN2 + MQL environments were considered. To
choose the best set from the nine available alternatives for respective
machining processes, at ﬁrst AHP method was implemented to compute
the weights based on the decision-making criteria. For sustainability assessment, the decision-making criteria involved surface roughness (Ra),
cutting temperature (T), cutting force (Fc), energy consumption and
carbon emissions. To calculate pair-wise comparison matrix surface
roughness, cutting temperature and cutting forces were given a score
of 3 which corresponds to moderate importance, on the other hand, energy consumption and carbon emissions were given a score of 9 which
corresponds to extreme importance, respectively. The scores were
assigned with the aid of environmental importance. The pair-wise comparison matrix using AHP is shown below (Table 5). The steps used to
calculate weights using AHP on machining data are reported in the
work by [44].
Using pair-wise comparison matrix, the following weights were
computed using AHP corresponding to surface roughness (Ra), cutting
temperature (T), cutting force (Fc), energy consumption and carbon
emissions parameters,
W¼



1 1 1 1 1
, , , ,
9 9 9 3 3

ð9Þ

Following the calculation of weights using AHP, TOPSIS method was
applied to rank all available alternatives (the nine given sets) for two
different machining processes, separately. TOPSIS provides a solution
that is closest to the positive ideal and farthest from the negative
ideal. Therefore, by computing the positive and negative ideal solutions,
it calculates the relative closeness in terms of the positive ideal solution

Ra (μm)
T (°C)
Fc (N)
Energy consumption
(J)
Carbon emissions

Step 1(a). The normalized decision-making matrix is calculated by
normalizing each column corresponding to the given criteria.
xij
nij ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ∀j ∈ ½1, n
m
∑i¼1 x2ij

ð10Þ

Step 1(b). Subsequently, the weighted normalized decision-making
matrix is computed by multiplying weights obtained from AHP to
the normalized decision-making matrix.
Sij ¼ wj nij , ∀i ∈ ½1, m, j ∈ ½1, n

ð11Þ

Step 2(a). Next, the positive ideal and negative ideal solutions are
determined using


 þ þ
 
þ
Sþ
max sij j j ∈ I , min sij j j ∈ J
j ¼ s1 , s2 , . . . :, sn ¼

ð12Þ



 − −
 
−
¼ min sij jj ∈ I , max sij jj ∈ J
S−
j ¼ s1 , s2 , . . . :, sn

ð13Þ

Step 2(b). Further, the distance is calculated from the positive ideal
and the negative ideal solution.
eþ
i ¼

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
n 
, ∀i ∈ ½1, m
∑ Sij −Sþ
j

ð14Þ

e−
i ¼

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
n 
, ∀i ∈ ½1, m
∑ Sij −S−
j

ð15Þ

j¼1

j¼1

Step 3. Using these distances, the relative closeness to the positive
ideal solution is determined:

Table 5
Pair-wise comparison matrix using AHP.
Parameters

which provides ranking to each alternative considered in the study. The
steps of TOPSIS method are as follows:

Ra
(μm)

T
(°C)

Fc
(N)

Energy
(J)

Carbon emissions
(gm)

1
1
1
3

1
1
1
3

1
1
1
3

1/3
1/3
1/3
1

1/3
1/3
1/3
1

3

3

3

1

1

Pi ¼

e−
i
, ∀i ∈ ½1, m
þ eþ
i

e−
i

ð16Þ

Pi varies from 0 to 1. A higher value is desired because it is farther
from the negative ideal and closer to the positive ideal solution. It is
also evaluated to assess the overall sustainability index i.e., Pi under
dry, LN2 and LN2 + MQL conditions. After implementing all steps, the
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Fig. 14. Overall sustainability index and sustainability assessment results under dry, LN2 and LN2 + MQL machining.

5. Conclusions

and a lower value of carbon emission was observed under LN2 plus
MQL cooling conditions.
• In terms of machining analysis, low cutting forces, surface roughness
and cutting temperature values were observed under LN2 plus MQL
cooling conditions. The huge amount of difference has been observed
under these values because LN2 plus MQL cooling provides the dual
action i.e., cooling and lubrication at the cutting zone. Hence, thin
ﬁlm is generated on the machined surface that protects the machine
from vibrations and tool wear and as a result, sound machining characteristics have been observed. On the other hand, LN2 only provides
the cooling action and the results are only better as compared with
dry machining.
• The combination of AHP and TOPSIS method also provides fruitful results and lower value of cutting speed and feed rate are the ideal parameters that minimally affect the environment as compared with
other conditions. Similarly, the LN2 plus MQL cooling condition is
claimed as the most sustainable alternative as compared with other
cooling conditions.

The present work deals with the potential of dry, LN2 and LN2 + MQL
machining in turning of commercially available Ti-6Al-4 V. The various
environmental, ecological and technological prospective have been deal
with in this article. From the given ﬁndings, the following conclusions
have been summarized:

In this work, the in-depth analysis in terms of machining as well as
environmental aspects have been studied. However, some more features such as human health, pollution, vibrations etc. have been missing
in the literature. Therefore, these indicators can be explored in
future work.

sustainability assessment i.e., Pi has been calculated and presented in
Fig. 14. From this ﬁgure, it has been noted that the experimental run
#1 shows the highest sustainability index under all cooling conditions.
Instead, the experimental #9 depicts the lowest value of sustainability
index. These results clearly depict that the cutting speed of 100 m/min
and feed rate of 0.1 mm/rev produces the results that are more reliable
to the environment and produces low energy and carbon emissions
value. These results are calculated based on the TOPSIS-AHP method
and the importance of weights assigned to each matrix. When the comparison between cooling conditions have been made, the LN2 + MQL
conditions provides the best results as compared with dry and LN2 machining. The results of LN2 + MQL cooling conditions are very interesting because it improves the machining performance by considering the
environmental aspects. Therefore, it is worthy to mention that the
LN2 + MQL cooling conditions is considered as an environmental
friendly cooling conditions.

• The total cycle time and productivity analysis prove that the hybrid
LN2 + MQL cooling conditions produce the best results as compared
with dry and LN2 cooling. The improvement of LN2 and LN2 + MQL
was appeared to be 29.01% and 34.21% as compared with dry turning.
• Machining cost analysis also conﬁrmed a similar trend and LN2 + MQL
cooling conditions reduce the total process cost up to 65.84%, respectively. In dry turning, the major cost includes the tool cost and energy
cost during turning operation. However, these costs are reduced in the
case of LN2 and LN2 + MQL cooling because the tool wear is negligible
and the best results have been achieved.
• Energy consumption analysis shows that the LN2 plus MQL consumed
around 15.89% and 3.07% less energy than dry and LN2 machining, respectively. The main reason is that the lubricating ﬁlm and cooling effect is provided at the tool chip interface zone, and thereby the low
quantum of forces are required to plough the material from a resistant
body. Hence, low energy is consumed under LN2 plus MQL cooling
conditions. The carbon emission analysis also depicts the same results
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